ABSTRACT
INTRODUCTION
UV radiations (200-400 nm) constitute about 7% of the spectrum of sunlight reaching the earth's surface of which UV-B (280-320 nm), which represent only approximately 1.5% of the total spectrum, causes the most severe damage to the plants. Interactions with these radiations elicit a variety of morphological, physiological and molecular responses in the plants and bring about many changes such as alter the leaf morphology (Cassi-Lit et al. 1997 and Caldwell et al. 2003) , affect photosynthesis and transpiration (Teramura and Sullivan 1994; Maxwell et al. 1999; Cascio et al. 2010) , induce changes in plant foliar chemistry (Tevini and Teramura 1989; Teramura et al. 1994) , cause DNA and cellular damage, increase susceptibility to diseases, and consequently alter the pattern of plant growth and development directly affecting the yield and nutritional quality of crop plants. The ability of plants to respond to strong irradiation by the synthesis and accumulation of the compounds selectively absorbing in the UV or the visible part of the spectrum is the foundation of photoprotective mechanisms. Continuous exposure to UV-B potentially damages the photosynthetic system by photobleaching and photodegradation of pigments (Strid and Porra 1992; Ziska et al. 1993) . UV-B irradiation has been reported to decrease the activity of PS II complex with a corresponding decrease in electron transport and ATP synthesis (Campbell et al. 1998 ), leading to oxidative stress. Such damages are prevented to some extent by accessory pigments such as carotenoids, xanthophylls, anthocyanins, etc. Carotenoids contain seven or more conjugated double bonds and have remarkable capability to quench the triplet sensitizers such as 3 chl and the free radical intermediates such as 1 0 2 . UV stress also leads to a cascade of reactions that ultimately result in the formation and accumulation of secondary metabolites (Wilson et al. 2001) , which help the plants to acclimatize to UV-B stress. These compounds are mostly phenolics, e.g., anthocyanins and other flavonoids, which show effective absorption in the UV spectral region and are said to be induced on exposure to UV (Lee and Lowry 1980; Reuber et al. 1996; Jenkins et al. 2009 and Stracke et al. 2010 ). There are several reports focused on the accumulation of flavonoids, including anthocyanins under enhanced UV-B levels, acting as UV-B screens by serving as active oxygen scavengers (Liu et al. 1995; Grace 1998; Hoque and Remus 1999; Burchard et al. 2000) . They participate in the elimination of free radicals, thereby strongly combating the oxidative damage (Jenkinset al. 2009 ). Phenolic synthesis has been shown to be up-regulated by stress-induced oxidative load, while photosynthetic processes are concomitantly said to be down-regulated (Casati and Walbot 2003; Ulm et al. 2004 ). Pigments and antioxidants, therefore, constitute important line of defense in the plants. Flavonoids are the most ubiquitous group of natural polyphenols known for their photoprotective and antioxidative role in stress acclimation of the plants, especially as UV filters (Landry and Chapple 1995) . Flavonol quercetin is a remarkable scavenger of reactive oxygen species due to its structural properties. It is a potential radical target at an o-dihydroxy group in the B ring, has capacity to delocalize the uncoupled electron of the flavonoid radical due to a double bond between positions 2 and 3 of the C-ring conjugated with keto group in position 4 and is a potential free radical scavenger due to C-3, C-5 and C-7 hydroxyl groups of the C and A rings ( Fig. 1) (Strandjord et al.1983; Falkovskaia et al.1998) . The double bonds and hydroxyl groups in quercetin donate electrons through resonance to stabilize the free radicals (Smith and Markham 1998; Michalak et al. 2006) . The UV energy absorbed by quercetin may be dissipated as heat or converted into decomposition products. The present work aimed to study the effect of UV-B stress on the biosynthesis of major flavonoid quercetin, plant pigments and other phenolics as well as to assess their photoprotective role in the alleviation of stress in Lycopersicon esculentum under acute exposure to UV-B. 
MATERIALS AND METHODS

Plant material and UV-B exposure
The seeds of L. esculentum Mill (variety Pusa Rohini) were collected from the National Seed Centre, IARI, Pusa, New Delhi. They were germinated in the trays on moist filter paper beds. On fifth day, uniformly germinated seeds were transferred to soil under controlled environmental conditions at 25 ± 2 o C and 78% relative humidity in green house. Twenty-one day old plantlets were exposed to ultraviolet irradiation using UV lamps (302 nm, 20 Watts). The plants were placed at about 30 cm distance from the lamp to adjust the radiation intensity of 5600 µW/cm 2 . The experimental sets were divided into four batches, having 50 plants each. One set served as control and was left unexposed to UV-B, while other three batches were exposed daily for 28 days to UV-B for different intervals of time, i.e., 20, 40 and 60 minutes, respectively. The light, temperature and humidity regimes were same for the control as well as UV-B exposed plants of L. esculentum. All the biochemical analyses were performed using the plant tissue harvested after 28 days of UV-B exposure.
Growth Parameters
Plants were visually assessed daily for the shoot and root growth, morphological symptoms in aerial parts, abscission of leaves and senescence.
Assessment of the biomass was done every seven days throughout the exposure time and biomass was expressed as gram dry weight (gdw) per plant taking average weight of randomly selected 10 plants from each treatment batch.
Determination of Photosynthetic Pigments
Analysis of chlorophyll a, chlorophyll b and total chlorophyll was done following the method of Arnon (1949) . The chlorophyll from 1.0 g fresh leaf tissue was extracted in 80% acetone and the absorbance of the extracts at 663 nm and 645 nm were measured with a spectrophotometer. The concentrations of chlorophyll a (Chl-a), chlorophyll b (Chl-b), and total chlorophyll were then calculated using the equations (1), (2) 
The carotenoid content was determined according to the method of Britton (2005) . The dried leaf tissue (0.5 g) was homogenized with 25 mL of 95% ethanol, then 2.0 mL of 5% KOH was added and stored in dark for 2 h. Carotenoids were then extracted using 5.0 mL of ether and extraction was repeated three times. The supernatant was pooled and absorbance was read at 436 nm with a spectrophotometer. The total amount of carotenoid was calculated according to the equation ( 
Determination of Anthocyanins
Anthocyanins were extracted according to the method of Mazza et al. (2004) , for which 1.0 g of dried plant tissue from each sample was ground in 3.0 mL acidified methanol (99:1, methanol: HCl) and refluxed for 2 h. Samples were then centrifuged at 17.000 x g for 20 min and evaporated to dryness at 40°C and reconstituted in methanol to 50 mL. Total anthocyanins were measured using pH differential method described by Fuleki and Francis (1968) , with minor modifications. One milliliter aliquot of the extract was placed into 25 mL volumetric flasks, diluted to volume with pH 1.0 and pH 4.5 buffer and mixed. The absorbance of the pH 1.0 and pH 4.5 sample preparations were measured at 510 and 700 nm, respectively. Distilled water was used as the blank. The concentration (%, w/w) of each anthocyanin in the sample was calculated according to the formula given in equation (5) and expressed as cyanidin-3-glc equivalents: Absorbance = (A 510 nm pH 1.0 -A 700 nm pH 1.0) -(A 510 nm pH 4.5 -A 700 nm pH 4.5)
The percent weight per weight (%w/w) of total anthocyanins in the sample was calculated as given in equation (6):
Where, A is the absorbance; ε is the extinction coefficient (26,900 M -1 cm -1 for cy-3-glc); MW is the molecular weight (449.2 g/mol for cy-3-glc); DF is the dilution factor (1 ML sample is diluted to 25 mL, DF = 25); V is the final volume (50 mL); Wt is the sample weight (1 g); L is the cell path length (1 cm).
Determination of Total Flavonoids
Aluminium chloride colorimetric method was used to determine flavonoid content in the aerial parts of the plants (Harborne 1973; Aiyegroro and Okoh 2010) . Flavonoids were extracted in acidified methanol (methanol: water: HCl, 78: 20: 2, v/v) at 4 o C for 24 h. Aliquots of 1.0 mL from each extract was mixed with 3.0 mL of methanol, 0.2 mL of 10% aluminium chloride, 0.2 mL of 1M potassium acetate and 5.6 mL of distilled water. After incubation at room temperature for 30 min, the absorbance of the reaction mixture was measured at 415 nm with a spectrophotometer. The calibration curve was prepared by using quercetin as standard. Flavonoid contents were determined from the standard curve and were expressed as quercetin equivalents (mg/gdw).
Determination of Quercetin
The estimation of quercetin in the samples was done through RP-HPLC. The plant samples were extracted in 80% ethyl alcohol and then refluxed with 6.0 mL of 25% hydrochloric acid for one hour and a weighed amount of each hydrolysate was dissolved in HPLC grade methanol to give a concentration of 100 µg/mL. All the samples were stored at 4°C and were filtered through a 0.45 µm filter before undertaking the HPLC analysis. The chromatographic analyses were performed on HPLC system (Agilent Technologies) equipped with 1100 series isocratic pump, manual injector, variable wavelength detector with deuterium lamp, and a reversed-phase pre-packed C18 column (150 x 4.6 mm, 5 µm particle size). The column was maintained at room temperature. The mobile phase was run at as a flow rate of 1.0 mL/min and consisted of acetonitrile/water (1:1), acidified with 1% acetic acid. Throughout the experiment, all the injection volumes were 10 µL and the compounds were detected at 254 nm. Quercetin was identified by direct comparison of retention time of its peak (R t = 2.76) with reference standard (Quercetin 98.0%, CAS No. 6151-25-3, Himedia RM6191) and quantified on the basis of its peak area.
Statistical Analysis
All the experiments were conducted using three replicates per treatment and data presented as mean ± standard error (SE). The significant differences between the control and UV-B exposed plants were analyzed by Tukey's post hoc test using one-way ANOVA for comparison of the means at the level of significance p< 0.05.
RESULTS AND DISCUSSION
Effects of UV-B exposure on plant morphology and biomass Results showed marked difference in the morphology and growth of UV-B irradiated plants as compared to non-irradiated plants of L. esculentum. Conspicuous morphological effects were seen after acute exposure to UV-B radiation for 40 and 60 min such as shrunken leaves, shorter plant height and less extensive root system. However, no considerable negative effects were observed on the morphology on lesser exposure to UV-B, i.e., for 20 min. The damage caused to the leaf tissues by UV-B was evident by leaf surface characteristics such as appearance of necrotic spots, burning at the leaf margins and yellowing of leaves caused due to depletion of chlorophyll. Biomass was analyzed in the whole plants at the interval of every seven days. After 28 days, it decreased up to 35% on exposure to UV-B for 60 min in comparison to the control. There was apparently very less effect on the biomass on lesser exposure to UV-B, i.e., for 20 min (Fig. 2) . Modification of plant morphology and reduction in growth due to UV-B radiation as observed in the present study was in agreement with several researches done on barley (Aiyegroro and Okoh 2010), green gram (Rajendiran and Ramanujam 2004) , soybean (Roman et al.1984) , lettuce (Krizek et al.1998 ) and rye (Tevini et al.1991) .
Lowering of biomass accumulation with respect to increasing UV-B exposure could be related to slower growth and rapid degeneration of leaf tissue over the time. It was deduced that the plants showed tolerance towards the UV stress until a critical exposure limit (in this case 40 min) was reached beyond which deleterious effects of radiation stress became quite conspicuous. Biomass production in the plant is directly correlated with growth and yield of plant. It represents total carbon assimilation occurring through the primary metabolism and is, therefore, a good indicator of physiological well-being and growth of the plant. 
Effects of UV-B exposure on photosynthetic pigments-chlorophyll and carotenoids
Chlorophyll contents were affected at all the doses of UV-B, but at the longest duration of exposure (60 min), these declined significantly and total chlorophyll reduced by 24.7 % as compared to untreated plants (Fig. 3) . Conversely, carotenoid contents increased in the amounts consistently with UV-B exposure for 20, 40 and 60 min (0.95, 1.02 and 1.07 µg/gdw respectively), and maximum enhancement was about 15% as compared to untreated samples (0.91 µg/gdw), (Fig. 4) . Chlorophyll depletion was in accordance with rapid yellowing and chlorosis observed in case of longer exposures to UV-B (60 min), which could be due to several reasons such as excessive photodegradation and depletion of chlorophyll (Strid and Porra 1992) , disintegration of chloroplasts Strid and Porra 1992; and Cassi et al. 1997) , inhibition of cab gene expression and consequent reduction in the biosynthesis of chlorophyll proteins (Strid and Porra 1992) . Chlorophyll a and b are primarily involved in harvesting the light for photosynthesis. Any change in chlorophyll content may lead to impairing of this process, directly affecting carbon assimilation and biomass production (Herrmann et al. 1997; Kakani et al. 2003) . Carotenoids are accessory pigments, which help in harvesting of the light and protect chlorophylls from photoxidative destruction by quenching the tripletstate photosensitizers, singlet oxygen and peroxy radicals (Krinsky 1989; . Carotenoid pigments increase mostly under the conditions where there is less photosynthetic assimilation rate with more UV-B radiation (Campbell et al.1998 ). The present results were probably indicative of UV-B inducible carotenogenesis (Waterman and Mole 1994) , ensuring the photo-protective role of carotenoids in photosynthetic systems by dissipating excess excitation energy. 
Effects of UV-B exposure on anthocyanin and total flavonoid content
There was a sharp increase in anthocyanin content on exposure to UV-B for 40 and 60 min, which was about 33.3% as compared to unexposed plants (Fig. 5) . Lesser exposure to UV-B, i.e., for 20 min was not sufficient to enhance the biosynthesis of anthocyanins. Several studies have hypothesized that anthocyanin provides a "UV sunscreen" and that exposure to ultraviolet (UV) light promotes the production of foliar anthocyanin in the plants ( Lee and Lowry 1980; Waterman and Mole 1994; Caldwell et al. 1999; Gould et al. 2000) . Accumulation of plant phenolics is directly related to the intensity of solar radiation to which it is exposed (Waterman and Mole 1994; Caldwell et al. 1999 ). This provides direct evidence of involvement of phenolics such as anthocyanins and other flavonoids in minimizing and overcoming the harmful effects of radiation stress such as cellular damage, oxidative damage and DNA damage (Caldwell et al. 1999) . Total flavonoids also significantly enhanced in UV-B exposed plants of L. esculentum and showed sudden increase of 22.8% at 40 min of UV-B exposure, and 38% at 60 min of UV-B exposure, as compared to control (Fig. 6) . Biosynthesis of flavonoids is often induced under the influence of UV-B radiation in the plants ( Li et al. 1993; Jordan 1996; Caldwell et al. 1999 and Jenkins et al. 2009 ), which may be due to the increased influx of precursor amino acids into their metabolic pathways. This can be seen as a strategy of the plants to overcome UV-B stress through effective absorption shown by the flavonoids in the UV-B spectral region (Reuber et al.1996; Schnitzler et al. 1996 and Hoque and Remus 1999) and by overcoming the oxidative stress in cells (Dawar et al. 1998) . Despite these favourable effects in the plants, the increased level of flavonoids has been shown to interfere with vital physiological processes such as ATP synthesis and oxidative phosphorylation leading to disintegration of chloroplasts, causing chlorosis and necrosis (Kumari et al. 2009 ). In the present study, longer exposure of L. esculentum plants to UV-B induced higher accumulation of flavonoids as a photoptotective mechanism, but simultaneously the destruction of chloroplast led to yellowing and early senescence of the leaves. 
Estimation of Quercetin content by RP-HPLC
Considerable accumulation of total flavonoids in UV-B exposed plants of L. esculentum led to the quantification of quercetin, one of its major flavonoid. It was observed that the amount of quercetin decreased slightly on 20 min of exposure to UV-B (0.62 µg/gdw) as compared to the unexposed ones (0.73 µg/gdw). Thereafter, it increased by 5.19% on 60 min of exposure. The increase in quercetin on 40 min of exposure was insignificant (Fig. 7) . Although the absorbance maxima of quercetin lies in the UV-A and UV-C region (λ max = 365 nm and 256 nm respectively), its photoprotective role in UV-B stressed plants may be attributed to its potential radical scavenging activity, which help to prevent direct DNA damage rather than direct absorption of UV-B radiations. Quercetin has a polyphenol structure, which contains numerous double bonds and hydroxyl groups that can donate electrons through resonance ( Fig. 1) There are several reports indicating the accumulation of quercetin under UV-B due to over-expression of flavonoids biosynthesis genes such as Phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS) ) (Xu and Li 2006; Zhou et al. 2007 ). Similar responses have also been reported in Arabidopsis, involving three key factors COP1 (an E3 ubiquitin ligase), UVR8 (a β-propeller protein), and HY5 (a bZIP transcription factor) mediating the accumulation of quercetin under the sun simulator growth conditions (Henriette et al. 2010) . Homologs of these Arabidopsis factors are said to be encoded by the genome of a moss Physcomitrella patens (Richardt et al. 2007; Luise et al. 2010) , which are instrumental in conferring the protection and constitute a UV signaling pathway (Jiang et al. 2006 and Luise et al. 2010) .
CONCLUSIONS
Overall, the growth of the L. esculentum retarded by longer UV-B exposures. Along with other morphological deformities, biomass reduced significantly to about 35%, which was a matter of concern regarding crop yield under such stress conditions. However, L. esculentum plants responded to UV showing some beneficial stress interactions such as accumulation of flavonoids, in particular quercetin. It was also observed that the biosynthesis of such photoprotective metabolites was induced only after exposure to certain threshold period of time, which was critical and depended upon the type of radiation, age and physiological state of the plant. Limited exposure to UV-B is said to stimulate such responses, while longer exposure exert high influence, causing cellular damage by generating photoproducts in DNA and directly damaging the proteins. In this study, the biosynthesis of quercetin and other metabolites was sufficiently stimulated on acute UV-B exposure to at least 60 min daily as accounted for 28 days. Therefore, it could be proposed that the accumulation of quercetin could be used as the biochemical model to examine the underlying strategies of developing UV tolerance in the plants. This could further lead to investigate the potential role of quercetin as a key metabolic marker for UV resistance in the plants and help in selection of UV tolerant crop plants having high content of nutritionally important metabolitequercetin.
